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Abstract
In this paper we combine two operando methods, Raman spectroscopy and X-ray absorption spectroscopy (XAS), in
order to probe graphene-oxide supported tinIV oxide nanoparticles (SnO2NPs@rGO) as they are being used to catalyse
CO2 electroreduction. To achieve high reaction rates it is necessary to apply sufficiently cathodic electrode potentials.
Under such conditions, however, not only CO2 is reduced electrochemically, but also the catalyst particles may be
transformed from the initial SnIV state to SnII or, in an extreme case, to metallic Sn. While SnII species still favour CO2
electroreduction, yielding formate as a primary product, on metallic Sn CO2 reduction is disfavoured with respect to the
competing hydrogen evolution reaction (HER). We show that operando XAS, a robust technique yielding information
averaged over a large surface area and a relatively large thickness of the catalyst layer, is a very expedient method able to
detect the reduction of SnO2NPs@rGO to metallic Sn. XAS can thus be used to establish an optimum potential for the
electroreduction in practical electrolysing cells. It takes, however, a complementary method offered by operando Raman
spectroscopy, having greater sensitivity at the catalyst/electrolyte solution interface, to probe reduction intermediates
such as the SnII state, which remain undetectable for ex situ methods. As it is shown in the paper, Raman spectroscopy
may also find further use when investigating the recovery of catalyst particles following exposure to extreme reducing
conditions.
Keywords: power to value, Raman spectroscopy, X-ray absorption spectroscopy, carbon dioxide electroreduction,
catalyst recovery
1. Introduction
Today the scientific community agrees to that the recent
increase of atmospheric CO2 levels is primarily related to
human activities like the use of fossil fuels and the mass
destruction of forests. The natural buffers of our planet
— like oceanic or photosynthetic uptake — seem unable
to cope with the large amount of human-generated CO2;
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thus, preserving our environment from the threats related
to anthropogenic CO2 emissions is one of the greatest chal-
lenges facing our society today [1].
The chemical transformation of CO2 into organic
molecules [2] may become a possible way to decrease at-
mospheric CO2 concentrations. By the (electro-)chemical
reduction of CO2, we can create other molecules like car-
bon monoxide, formic acid or methanol, which we may
then use as chemical feed-stock and turn into other value-
added products. It is at this time a matter of debate
whether this process is profitable or not [3–5]; it can be
argued, nonetheless, that the electrochemical reduction of
such an inert molecule as CO2 has a very considerable fun-
damental and practical appeal [6]. This is the reason for
which the electroreduction of CO2, first described more
than 150 years ago [7], has gained a lot of attention lately
[8–18].
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Like in any fields of electrocatalysis research, the pri-
mary concern when studying the electroreduction of CO2
is to identify catalysts that can selectively yield a desired
product with a suitable rate and energy efficiency. In the
quest for finding new catalyst materials, however, the de-
mand for robustness is often overlooked, although the sta-
bility of catalytic systems should remain a key question
of research. This becomes immediately apparent when
certain “metal oxide type” catalysts [19] are used for the
catalysis of an essentially cathodic reaction, such as the
electroreduction of CO2.
To achieve any considerable turnover in CO2 electrore-
duction, significantly large (negative) electrode potentials
have to be applied. Such harsh cathodic conditions, how-
ever, will not only boost the electrolysis of CO2 but may
also lead to a potential-induced reduction of the oxide cat-
alyst particles, accompanied by often irreversible size and
morphology changes and a resulting catalyst degradation.
Such changes can have an unwanted effect on both the
overall rate of the catalysed process, as well as on the se-
lectivity towards the formation of a desired product.
An illustrative example of a degrading metal oxide cat-
alyst is tin oxide. It has long been known [20] that on Sn-
related electrodes the electroreduction of CO2 selectively
yields formate or formic acid. Studies of CO2 electrore-
duction recently carried out on metallic tin [21–33] and on
various forms of Sn oxides [34–50] reported, however, very
different Faradaic efficiencies of formate production, with
FE values ranging between 10 and 90%.
The scatteredness of the reported FE values hints that
the electrocatalytic activity of Sn and Sn oxide catalysts
strongly depends on many experimental factors such as the
oxidation state, morphology, and particle size of the cata-
lyst, the composition of the electrolyte and the electrode
potential applied for the electrolysis [50].
It seems likely that among the many experimental fac-
tors affecting the product yield of CO2 electroreduction
the oxidation state of the interfacial Sn atoms plays a cru-
cial role. For example, Chen and Kanan [35] studied the
activity of Sn electrodes that had been subjected to dif-
ferent pre-electrolysis treatments in order to reduce (or in
some cases, to increase) the thickness of the surface ox-
ide layers. They found that once the native surface oxide
layer of a tin electrode was removed (i.e., the electroly-
sis was practically carried out on bare metallic Sn), the
FE for the production of formate dropped down to prac-
tically zero. On the other hand, by using Sn catalysts
with an artificially increased oxide layer thickness, Chen
and Kanan measured at least four times higher FE s for
formate production (compared to the formate yield of the
metal covered by its native oxide layer) [35].
The results of the Kanan group [35] were further sup-
ported by a few other studies on tin oxide films or SnOx
nanoparticles of different kinds [36–46, 50]. A clear conclu-
sion of all these studies is that while using SnOx — either
in a film or in a nanoparticulate form — for the catalysis
of CO2 reduction, the oxidation state of the catalyst can-
not always be maintained at the highly cathodic operating
conditions, and the reduction of the catalyst may result in
a loss of catalytic activity or a reduced selectivity toward
the production of formate.
We should note, however, that the above conclusion is
usually supported in the literature based on the results of
ex situ analyses. For instance, Chen and Kanan [35] used
ex situ X-ray photoelectron spectroscopy (XPS) in order
to show the structural effects of etching (surface oxide re-
moval) of Sn electrodes. Shiratsuchi et al. [36] used XPS in
order to demonstrate structural changes of their catalyst
after various times of electrolyses. Meyer et al. [37] ap-
plied transmission electron microscopy (TEM) and X-ray
diffraction spectroscopy (XRD) — prior to the electrolysis
— to determine particle sizes, which they then correlated
to the measured FE s. Lee et al. [38] applied XRD and
also XPS (both ex situ) to study the structural changes
that electrolyses treatments for different times introduced
to their catalyst.
As opposed to the former approaches, we favour the
use of operando spectroscopic techniques [50–61], since we
believe that these methods can give a better insight into
the structural and chemical changes that SnO2 catalysts
undergo as they are used for catalysing the CO2 electrore-
duction process. In this paper we study graphene-oxide
supported tinIV oxide nanoparticles (SnO2NPs@rGO) as
a model catalyst for CO2 electroreduction. It is known
[50] that under the operating conditions of the electroly-
sis — that is, at negative electrode potentials — the SnIV
in SnO2NPs@rGO can undergo reduction to SnII or, in
an extreme case, to metallic Sn (Figure 1). While SnII
species favour CO2 electroreduction, yielding formate as
a primary product, on metallic Sn, CO2 reduction is dis-
favoured with respect to the competing hydrogen evolution
reaction (HER) [50].
In this work, we combine two operando methods, Raman
spectroscopy and X-ray absorption spectroscopy (XAS),
in order to probe oxidation state, size, and morphology
changes of the SnO2NPs@rGO catalyst.
In order to carry out reliable operando XAS measure-
ments, significant absorbances must be achieved [62]. In
a typical experimental configuration, passing the X-ray
beam through the electrolyte layer is avoided; instead, the
beam impinges on the back of the sample and has to pass
a relatively thick catalyst layer. As a result, it yields infor-
mation convoluted over a relatively large volume. Never-
theless, XAS can detect, for example, the reduction of the
SnIV catalyst species to metallic Sn at large negative elec-
trode potentials. This makes operando XAS an expedient
method of establishing optimum electrolysis potentials in
practical CO2 electrolysing cells [63]. By XAS, informa-
tion on the chemical state of the carbon supported oxidic
catalyst can be obtained even under massive gas evolution
conditions.
A mechanistic understanding of catalyst degradation re-
quires, however, a method that is more sensitive to the
catalyst/electrolyte solution interface, such as operando
2
Figure 1: SnO2NPs@rGO catalyst used for the electroreduction of CO2 molecules. At more and more cathodic potentials, the catalyst gets
chemically reduced and the size of the NPs shrinks. At moderately cathodic potentials, when the SnOx catalyst is in a mixed oxidation state
(1 < x < 2), the catalyst exhibits a maximal Faradaic efficiency for the production of formate. At extremely cathodic potentials, the catalyst
NPs are reduced to metallic Sn and the selectivity towards formate production drops.
Raman spectroscopy. As opposed to XAS, the applica-
tion of operando Raman spectroscopy requires the use of
thin SnO2NPs@rGO layers where no intense gas formation
prevents the focusing of the Raman beam. When properly
applied, Raman spectroscopy is capable to detect certain
reduction intermediates — such as oxide particles in the
SnII state — that otherwise remain undetectable in par-
ticular for ex situ methods. As it is shown in the paper,
Raman spectroscopy may also find further use when in-
vestigating size and morphology changes of the catalyst
NPs. Furthermore, operando Raman spectroscopy is also
expedient when our aim is to study the recovery of cata-
lyst particles following exposure to extreme reducing con-
ditions.
In what follows, we compare operando XAS and
operando Raman methods and their abilities to detect
the potential-induced degradation of SnO2NPs@rGO cat-
alysts, as they are being used for the electrolysis of CO2.
2. Materials and Methods
2.1. Synthesis
The poly(vinylpyrrolidone) (PVP) modified
SnO2NPs@rGO catalyst was prepared exactly as it
was described elsewhere [50]. For the measurements
presented in this paper, the catalyst was used in the
form of an ink that was created by mixing 5 mg of the
PVP-modified rGO-supported SnO2 NPs with 0.1 cm3
of a 5 wt% Nafion™ ionomer solution (analytical grade,
Sigma Aldrich), 0.7 cm3 Milli-Q water and 0.2 cm3
2-propanol (Sigma Aldrich). Catalyst loadings reported
in the paper (in units of mg cm−2) refer to the mass of
SnO2NPs@rGO (and not of the ink), normalized with the
geometric surface area of the working electrode support.
2.2. Instrumentation
X-ray diffraction (XRD) analysis was done on a
Seifert 2000 diffractometer with Cu–Kα radiation. Scans
were recorded between 20° to 100°; the particle size was de-
termined on the basis of Scherrer’s equation, and Bragg’s
formula was used for the determination of the lattice pa-
rameter [50].
X-ray photoelectron spectroscopy (XPS) studies were
carried out using Al–Kα radiation sources at 150 W with
an Omicron Multiprobe spectrometer and an EA125 hemi-
spherical analyser (Omicron Nano Technology) [50].
Transmission electron microscopy (TEM) analysis was
carried out by suspending the catalyst on a Cu grid with
300 meshes. The applied accelerating voltage was 200 kV
on a FEI Tecnai G2 T20 S-Twin instrument [50].
Raman spectroscopy was performed using a
LabRAM HR800 confocal microscope (Horiba Jobin
Yvon) [50]. A long working distance objective lens (50
times magnification, 8 mm focal length) was used with a
numerical aperture of 0.1 in order to focus a diode-pumped
solid-state laser beam (excitation wavelength 532 nm,
power 3 mW) on the sample. The Raman signal was
collected in a back-scattering geometry, using a custom-
made spectro-electrochemical cell. For operando Raman
experiments, the catalyst was drop-cast on a glassy carbon
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support, used as a working electrode. The electrode po-
tential was measured vs. an Ag | AgCl | 3.4 mol/dm3 KCl
reference electrode (eDAQ ET072), and a Pt wire was
applied as an auxiliary electrode. An Autolab 302N (Eco-
Chemie) potentiostat was applied. Electrolyte solutions
for the operando Raman experiments were prepared by
bubbling CO2 through a 0.5 mol dm−3 solution of NaOH
until a desired pH value was reached [50].
Ion and gas chromatography was used to determine the
product distribution of CO2 electroreduction. A custom-
built, air-tight, two-compartment (H-type) cell of known
compartment volumes was applied [64]. A three-electrode
arrangement was used, in which the SnO2NPs@rGO cat-
alyst ink, drop-cast on a glassy carbon support, served
as a working electrode. The cell contained a leakless
Ag | AgCl | 3.4 mol/dm3 KCl reference electrode (eDAQ
ET072) and a bright Pt foil (15 mm × 5 mm) counter elec-
trode as well, the latter placed in a different compartment
separated from the working electrode compartment by a
polymer membrane (Nafion 117, Sigma-Aldrich). For the
analysis of product distribution, different catalyst loadings
were applied, as noted in the text. Prior to electrolysis, the
working and counter electrode compartments were both
filled with 30 cm3 of 0.5 mol dm−3 NaOH solution. The
solutions were purged with CO2 gas (99.999%, Carbagas),
until the pH value required by the experiment was reached.
To enhance the mass transport of CO2 towards the cath-
ode, the catholyte was continuously stirred by magnetic
agitation. Electrolyses, usually lasting for 1 hour, were
carried out at constant potentials. The current of the elec-
trolysis was constantly monitored and integrated over time
in order to determine the charge yield. The head-space of
the catholyte compartment was continuously purged with
CO2 in order to transport all the volatile reaction products
from the head-space into the sampling loops of the online
gas chromatograph (SRI Instruments). The partial cur-
rent density for a given gaseous product k was determined
by using Equation (1):
Ik = xk nk F vm, (1)
where xk is the mole fraction of product k in the anal-
ysed sample (determined based on calibration), nk is the
number of electrons involved in the reduction reaction that
forms product k, vm is the molar flow rate of CO2, and F
is Faraday’s constant. The partial current was integrated
over the time of the electrolyses to yield a partial charge
that was then related to the total charge consumption of
the experiment, thus providing the FE of the given prod-
uct. By means of GC, only two gaseous products — H2
and CO — were detectable.
In order to calculate the Faradaic efficiency of HCOO–
production, we applied an ion chromatograph (Metrohm)
consisting of an L–7100 pump, a conductivity detector, a
separation and an exclusion column (Metrosep A Supp 7–
250), to measure formate concentrations following electrol-
ysis: the amount of produced formate was related to the
charge consumed by the electrolysis [50]. By the means
of chromatographic analysis, HCOO–, CO and H2 were
the only detectable products, accounting — within range
of experimental error — for an altogether 100% Faradaic
efficiency.
X-ray absorption spectra (XAS) were acquired at the
Samba beam-line of the Soleil synchrotron facility in Saint-
Aubin, France. The spectra were collected at the Sn-K
edge (29.2 keV) in fluorescence mode, using a 35-element
Ge detector (Canberra). A home-built operando electro-
chemical cell was used with a 50×50 mm Pt mesh counter
electrode and a leakage-free Ag/AgCl reference electrode
(Innovative Instruments, Inc.). The SnO2NPs@rGO cata-
lyst sample was deposited on a carbon paper disc (Sigracet,
SGL Group) by filtration from a slurry of the sample in
ethanol. The paper disc served as a working electrode
with the sample-coated side exposed to the electrolyte and
the uncoated side remaining dry. The Athena program
[65] was used for background removal and isolation of the
extended X-ray absorption fine structure (EXAFS) spec-
tra. EXAFS fitting was performed using the Artemis soft-
ware with theoretical backscatering amplitudes and phase-
shifts calculated using the ab-initio FEFF6 code. Nearest-
neighbour coordination numbers (CN), interatomic dis-
tances (R) and disorder parameters (Debye–Waller factors,
DWF ) were extracted for the fit of the first coordination
shell of Sn.
3. Results
3.1. Structural characterization of SnO2NPs@rGO cata-
lyst
The structure of the SnO2NPs@rGO catalyst, synthe-
sised from stannous octoate, was studied before [50].
Briefly, the NPs were characterized by an average particle
size of (4.4 ± 0.9) nm as shown by transmission electron
micrographs (TEM, Figure 2(a)). The NPs were uniformly
dispersed on the rGO surface and no aggregation was seen.
High-resolution TEM and the corresponding FFT (Fig-
ure 2(b)) enabled us to determine an interplanar d-spacing
of ∼ 0.334 nm, characteristic for SnO2 (110) [50].
In X-ray photoelectron spectroscopy (XPS) surveys, sig-
nals of Sn, O, and C can be observed [50]. The high-
resolution XPS spectrum (Figure 2(c)) shows the bind-
ing energies of Sn 3d5/2 and 3d3/2 at 486.6 and 495.0 eV,
respectively, suggesting a dominant SnIV oxidation state
[50, 66].
In the Raman spectrum of as-synthesised
SnO2NPs@rGO (Figure 2(d)), the peaks at 1355
and 1593 cm−1 correspond to the D and G bands of
reduced graphene oxide, respectively. Figure 2(d) also
displays three other peaks (shown at higher resolution
in Figure 2(e)) at 482, 623, and 762 cm−1 that can
be identified as the Eg, A1g, and B2g modes of SnO2
crystallites, respectively [50, 67].
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Figure 2: Structure of the SnO2NPs@rGO catalyst [50]. (a) The transmission electron micrograph shows SnO2 NPs with an average
diameter of (4.4± 0.9) nm, distributed evenly and without aggregation on rGO. (b) The high-resolution TEM image and the corresponding
FFT reveal an interplanar d-spacing characteristic for the (110) crystal face of SnO2. (c) The high-resolution XPS spectrum of the Sn 3d
region suggest that the oxidation state SnIV prevails in the synthesised catalyst. (d,e) Raman spectrum of the as-synthesised catalyst: peaks
characteristic for SnO2 are shown in (e). (f) The X-ray diffractograms of SnO2NPs@rGO show peaks that can be assigned different crystal
faces of SnO2, based on JCPDS–41–1445. The XRD diffraction patterns measured on the same catalyst, following electrolysis at E =–
1.55 V vs. Ag|AgCl in a pH=8.5 bicarbonate solution (red curve) show additional peaks that can be assigned to crystal faces of metallic Sn
(based on JCPDS–04–0673).
The X-ray diffraction (XRD) pattern of SnO2 NPs (Fig-
ure 2(f)) shows peaks characteristic for cassiterite, a SnO2
phase of tetragonal rutile structure [50].
3.2. Operando XAS investigation of potential-induced ox-
idation state changes of SnO2NPs@rGO
The Sn atoms of as-synthesised SnO2NPs@rGO are
practically completely oxidised to the state of +4, as shown
by the ex situ survey of the catalyst particles (Figure 2).
However, when the catalyst particles are being used for the
electrolysis of CO2, and a negative electrode potential is
applied to them, the oxidation state of the SnO2 particles
may not be maintained at the original +4 oxidation state,
and the catalyst particles can undergo partial or complete
reduction.
To investigate oxidation state changes of
SnO2NPs@rGO during CO2 electroredution, XAS
measurements were conducted on the as-synthesised
sample and under reaction conditions, by applying −1.15,
−1.55 and −1.70 V potentials vs. Ag|AgCl. X-ray
absorption near-edge structure (XANES) spectra are
shown in Figure 3(a). Since the intensity of the XANES
peak is mainly determined by the unoccupied density of
states (DOS) and higher oxidation states lead to higher
unoccupied DOS, one can evaluate the oxidation state
of the catalyst through the intensity of the first XANES
peak above the edge, the so-called “white line”, as well as
by the shift in the absorption edge energy.
The position of the Sn K absorption edge, determined
as the first maximum of the absorption coefficient, was re-
ported to be 29200, 29202 and 29205 eV for metallic Sn,
SnO and SnO2, respectively [68]. The absorption edge
position thus has a seemingly linear dependence on the
valence state of Sn in the probed material. The high in-
tensity of the white line, as well as the edge position at
29205 eV in the as-synthesised sample indicates dominat-
ing SnIV species. Since the white line intensity and the
edge position did not change when a potential of −1.15 V
vs. Ag|AgCl was applied, it is apparent that such poten-
tial is not sufficient to reduce the catalyst.
By setting a more cathodic potential, −1.55 V
vs. Ag|AgCl, the white line intensity was found to de-
crease, and the decrease continued upon setting an even
more negative potential, −1.70 V vs. Ag|AgCl. The ob-
served changes in the white line intensity were accompa-
nied by an energy shift of the edge position from 29205 eV
(characteristic for the as-synthesised state and for the
spectrum recorded at −1.15 V vs. Ag|AgCl) to 29203.6
and 29202.7 eV at −1.55 and −1.70 V, respectively. The
decrease of the edge position indicates a progressive reduc-
tion of the Sn species at negative electrode potentials.
In fact, the operando XANES spectra can be interpreted
as a sum of absorbances related to metallic Sn and to
SnO2. The XANES spectra of these two reference states
are also plotted in Figure 3(a). In Figure 3(b) it is shown
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(E vs. Ag|AgCl) /V Composition / % Sn–Sn Scatters Sn–O Scatters
SnO2 Sn CN R/Å DWF CN R/Å DWF
as-synthesised 100 0 — — — 3.0± 0.1 2.05± 0.01 0.0030± 0.0005
−1.15 98.4± 0.7 1.6± 0.7 — — — 3.1± 0.1 2.05± 0.01 0.0030± 0.0004
−1.55 66.6± 0.6 33.4± 0.6 1.6± 0.3 3.02± 0.01 0.010± 0.001 2.1± 0.1 2.04± 0.01 0.0050± 0.0008
−1.70 40.5± 0.5 59.5± 0.5 2.7± 0.4 3.02± 0.01 0.010± 0.002 1.3± 0.2 2.00± 0.01 0.0070± 0.0010
Table 1: Summary of the XAS analysis of SnO2NPs@rGO. Oxidation state (composition) analysis was carried out based on the Sn K-edge
XANES spectra of Figure 3(b). Fitting parameters, such as the nearest-neighbour coordination number (CN ), the inter-atomic distance (R)
and the Debye–Waller factor (DWF ) were extracted from the single scattering analysis of the EXAFS spectra of Figure 4; signals from Sn–Sn
and Sn–O scatters were considered.
Figure 3: (a) Sn K-edge XANES of the SnO2NPs@rGO catalyst, acquired operando, at different electrode potential values (marked in the
figure vs. Ag|AgCl). Spectra of pure SnO2, of pure metallic Sn and of the as-synthesised SnO2NPs@rGO, measured at the same beam-line
under identical conditions, are also plotted as a reference. (b) At each applied potential, the absorbance of SnO2NPs@rGO is a linear
combination of absorbances related to Sn and SnO2. Weighted spectrum components corresponding to Sn and SnO2 are plotted as dashed
curves: the sum of these fit the measured data (empty circles) reasonably well, as shown by the full curves. The mean squared error (MSE)
of the fit is shown by the grey curves, shifted along the vertical scale for better visibility. Measurements were carried out at pH=8.5, applied
catalyst loading: 5 mg cm–2.
that by a linear combination of the two reference states,
the operando XANES spectra of SnO2NPs@rGO can very
well be reproduced, with small mean squared error (MSE)
values. Based on the weights of the reference spectra, the
oxidation state of SnO2NPs@rGO can be estimated at the
applied potentials, as shown in Table 1.
The above observations are in agreement with the re-
sults of Fourier-transformed extended X-ray absorption
fine structure spectroscopy (EXAFS), as demonstrated by
Figure 4. EXAFS spectra measured on the as-synthesised
catalyst and at mild cathodic polarization (E = −1.15 V
vs. Ag|AgCl) show an intense peak at 155 pm (phase un-
corrected), typical for SnO2 [69], while the peaks at higher
distances are less intense, reflecting small particle size or
a highly disordered structure.
At −1.55 V vs. Ag|AgCl, a peak appears at 280 pm,
corresponding to Sn–Sn scattering in the metallic tin struc-
ture [69]. It becomes more intense at −1.70 V, while the
Sn–O feature decreases. Fitting the EXAFS spectra with
Sn–O and Sn–Sn back-scattering confirms the conclusions
drawn above, which are summarized in Table 1. The
Sn–O coordination number is 3.0 for the sample in the
as-synthesised state and at −1.15 V ; it decreases to 2.1
and 1.3 at −1.55 and −1.7 V vs. Ag|AgCl, respectively.
The coordination number of the metallic Sn–Sn state at
−1.55 V, where it is first observed, is 1.6 and increases to
2.7 at −1.70 V.
Notably, the two most dominant peaks in the EXAFS
spectra can be assigned to either metallic Sn or SnIV
species, as also shown by the fair fit of Figure 4. Appar-
ently, SnII signals are not abundant in the EXAFS spectra,
although the small peak-like feature at about 205 pm may
be assigned to this intermediate oxidation state [70].
3.3. Operando Raman insight into potential-induced cata-
lyst degradation and successive recovery
For the successful application of operando XAS, i.e., to
achieve measurable absorbances, a relatively thick cata-
lyst layer was applied. As indicated in the caption of
Figs. 3 and 4, by spreading the prepared catalyst ink
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Figure 4: (a) k2-weighted Sn K-edge Fourier transform EXAFS spectra of SnO2NPs@rGO, acquired operando. The fits to the EXAFS
spectra are shown as faded thick curves and correspond to a combination of Sn–Sn and Sn–O scattering paths. (b) EXAFS measurement
results shown in k-space. Measurements were carried out at pH=8.5, applied catalyst loading: 5 mg cm–2.
(see the Methods section for more detail) over a carbon
paper support, we achieved a loading of 5 mg cm–2 (for
SnO2NPs@rGO); that is, a relatively thick catalyst layer.
As a result, the gathered XANES and EXAFS spectra are
not only characteristic for the electrolyte solution/catalyst
interface, but they also carry information from deeper cat-
alyst layers that may not be in direct contact with the
solution.
As opposed to XAS, which we used in a fluorescence
mode, operando Raman is a scattering spectroscopy. This
makes Raman more sensitive to the catalyst/electrolyte
solution interface, yielding a deeper insight into the
potential-induced oxidation state, size and morphology
changes of SnO2NPs@rGO as they are applied for the elec-
trolysis of CO2.
In Figure 5(a) we show the results of operando Raman
experiments. Here the electrode potential was gradually
stepped from less cathodic (−0.25 V) to more cathodic
values (−1.55 V vs. Ag|AgCl) in a pH = 8.5 bicarbonate
solution, while at each applied potential, Raman spectra of
the SnO2NPs@rGO catalyst were acquired. Closer inspec-
tion of Figure 5(a) reveals a peak at ∼ 623 cm−1 that is
present at all potentials above −1.25 V but quickly decays
at E ≤ −1.25 V. A second notable feature of the spectra
is another peak at ∼ 218 cm−1 that is not present in the
as-synthesised catalyst. This second peak first appears at
E ≤ −0.6 V and then disappears again at E ≤ −1.5 V.
Based on literature, the two peaks can be assigned to
tin oxide species of different oxidation states. The peak at
623 cm−1 corresponds to the A1g vibration mode of SnO2
crystallites [72], and the relatively narrow peak width is in
accordance with the 4–5 nm average diameter of the NPs
[72]. The other peak at 218 cm−1 can be assigned to the
A1g vibration mode of SnO species [73, 74]. The relative
intensities of the mentioned peaks are plotted as a function
of the electrode potential in Figure 5(b).
Compared to operando XAS, the potential-evolution of
the various Raman peaks gives additional information as
to the chemical and morphological changes of the cata-
lyst occurring in the course of CO2 electroreduction. As
it is shown in Figure 5(a) and (b), the intensity of the
SnO2 related peaks first decreases mildly, together with
the appearance of a SnO related feature. Later, at very
negative potentials the spectroscopic fingerprints of both
oxide forms disappear as the catalyst is entirely reduced to
metallic Sn. Here we note that the presence of metallic Sn
can be experimentally proven also by ex situ methods like
XRD, following electrolysis (see the diffractogram drawn
with a red curve in Figure 2(f)).
Following potential excursions to very negative poten-
tials (resulting in the formation of metallic Sn), the SnO2
NPs may only be recovered partially, and in a size much
smaller compared to the as-synthesised NPs. Figure 5(c)
shows Raman spectra measured operando during a “recov-
ery” attempt. The electrode potential was here scanned
backwards (from negative toward positive values), starting
the scan at a fully reduced state. There is only one no-
table feature of these spectra: the development of a broad
peak centred at approximately 580 cm−1. Literature data
[72] allows the interpretation of this peak as an overlap
of disorder related surface modes of SnO2 particles with
significantly smaller size (2–3 nm) compared to that of as-
synthesised NPs (4–5 nm). It should also be noted that as
opposed to Figure 5(a), the spectra of Figure 5(c) do not
show any sign of SnO-related features.
Practically the same happens if instead of gradually
stepping back the potential to more positive values, we
— following a full reduction lasting several minutes at
−1.55 V — set the potential directly to −0.25 V and
wait for the recovery of SnO2 NPs (see Figure 6 for the
time dependence of the acquired Raman spectra). The
fact that following extreme negative potential excursions
we can only recover NPs of smaller size can probably be
explained by a degradation of the oxide as it is reduced
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Figure 5: (a) Three-dimensional surface plot of Raman intensities created by a continuous acquisition of Raman spectra as the electrode
potential was slowly stepped from less (– 0.25 V) to more negative values (– 1.55 V vs. Ag|AgCl). (b) The intensities of SnO2 and SnO related
peaks as a function of the electrode potential; the lines here correspond to those shown on the surface plot in (a). (c) Potential-dependent
Raman spectra recorded in the course of stepping the potential back from –1.55 V to –0.25 V vs. Ag|AgCl. (d) The intensity of the SnO2
related wave as a function of the electrode potential; the line here corresponds to the one shown on the surface plot in (c). Applied catalyst
loading: 0.02 mg cm–2.
to metallic Sn — similar degradation/dissolution effects
were previously reported to accompany the reduction/re-
oxidation cycles of, for example, gold [75] and platinum
[76] oxide surfaces.
3.4. Potential-induced catalyst degradation: Implications
on the product distribution of CO2 electrolysis
The indications of operando Raman spectroscopy
about the potential induced oxidation state changes of
SnO2NPs@rGO are also in agreement with the measured
FE s of formate production. In order to show this, we
carried out electrolyses in a pH = 8.5 bicarbonate solu-
tion at different electrode potentials and used combined
ion chromatography (in the solution) and on-line gas chro-
matographic headspace analysis to determine the product
range of the reaction. By the means of chromatographic
analyses, HCOO–, CO and H2 were the only detectable
products, accounting — within range of experimental er-
ror — for an altogether 100% Faradaic efficiency.
The product distribution of electrolyses, lasting for
1 hour at a given potential, were calculated by deter-
mining the amount of substance generated from each
product, and then comparing these amounts to the to-
tal charge consumption. Charges, for 1 hour electrolyses,
are shown in Figure 7(a) as a function of the applied po-
tential; the product distribution is shown in Figure 7(b).
This figure clearly shows that at potentials not exceed-
ing −1.1 V vs. Ag|AgCl in the cathodic direction, formate
is the primary product of electrolysis (with some smaller
amount of CO and H2 formed). At more negative po-
tentials, however, the selectivity towards the formation of
formate drops, and HER becomes the dominant reaction.
If we compare operando acquired Raman spectra, shown
in Figure 5(a), with the measured product distribution,
shown in Figure 7(b), it becomes apparent that the highest
FE for the production of formate can be measured when
the SnO2 NPs are — at least, partially — reduced to SnO:
that is, when the catalyst is in a “mixed” oxidation state
of SnOx (1 < x < 2).
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Figure 6: (a) Temporal evolution of Raman spectra after the electrode potential is set from –1.55 V vs. Ag|AgCl (where the NPs are fully
reduced) to –0.25 V demonstrating the partial recovery of the SnO2 catalyst. (b) Time-evolution of the relative peak intensity at a Raman
shift of 580 cm–1, with some selected peaks shown in the inset. Applied catalyst loading: 0.02 mg cm–2.
It is interesting to note with respect to Figs. 5 and 7(b)
that the practical (kinetic) stability region of SnO2 seems
to exceed the thermodynamic stability range, as it can
be seen in the Pourbaix diagram [71] of Figure 7(c). Both
Raman spectroscopy and the measured FE values indicate
the presence of SnO2 over a broad potential region where
metallic Sn should already be the thermodynamically sta-
ble phase.
As it was confirmed by operando Raman measurements,
the application of extremely negative potentials causes a
full reduction of the NPs to metallic Sn, and following such
an extreme reduction, the catalyst particles may only be
recovered in an SnIV state at a much smaller size compared
to the as-synthesised NPs (Figs. 5(c), 5(d) and 6). This
effect also has consequences on the measured FE values.
To demonstrate this, we subjected the NPs to reduction at
−1.5 V vs. Ag|AgCl (lasting for several seconds) and then
attempted to recover them in an SnO2 form by subsequent
conditioning at an inert potential of −0.25 V vs. Ag|AgCl.
The conditioning at −0.25 V vs. Ag|AgCl lasted for a du-
ration of 150 s, in a process similar to what resulted in
the Raman spectra of Figure 6. If we then used the “re-
covered” NPs to measure Faradaic efficiencies, the results
were very different from those obtained with as-synthesised
NPs (compare Figs. 7(b) and 7(e)).
Interestingly, as shown in Figure 7(d), the overall cat-
alytic activity of SnO2 particles that were recovered af-
ter a severe cathodic reduction seems to be much higher
than that of as-synthesised SnO2NPs@rGO. However, the
product yield of both HCOO– and CO is much lower than
what was measured on the as-synthesised catalyst, as it is
shown in Figure 7(e). As indicated by operando Raman
spectroscopy, the reduced activity towards CO2 electrore-
duction (and the simultaneously increased rate of HER)
can be a result of the smaller particle size; i.e., the ir-
reversible degradation of the NPs caused by the previous
extreme cathodic polarization. A similar selectivity vs.
size/morphology dependence has already been described,
for example, in the case of copper catalysts [77, 78].
3.5. Operando Raman investigation of catalyst stability
In the light of the discussion above, it seems expedient to
determine — by the means of operando Raman measure-
ments — a “safe” operation window where the rate of CO2
reduction as well as the selectivity towards the produc-
tion of formate are both high, however still no irreversible
degradation is to be expected.
As shown in Figure 7(b), the application of
−1.1 V vs. Ag|AgCl in potentiostatic electrolysis seems
to be an optimum in terms of rate and selectivity. Thus,
we carried out an experiment in which the electrode po-
tential was switched periodically between –0.25 V and –
1.1 V vs. Ag|AgCl, combined with a simultaneous acqui-
sition of Raman spectra (Figure 8).
As shown in Figure 8(a), even the partial reduction of
the NPs (taking place at −1.1 V) can cause a slight broad-
ening of the SnO2-related Raman peaks, which can be ex-
plained by minor degradation of the size of the NPs [72].
Nevertheless, in case of this mild reduction the overall
intensity of the SnO2-related peaks converges to a con-
stant value after a slight initial decrease, and the for-
mation and reoxidation of SnO seem to occur reversibly
through the entire sequence of potential steps. This is in
agreement with our observation that the product distri-
bution of an electrolysis — provided, at least, that the
catalyst was never exposed to potentials more negative
than −1.1 V in the past — depends only on the elec-
trode potential applied for that electrolysis, and not on
the potentials where the electrode was conditioned before.
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Figure 7: The implications of potential-induced catalyst degradation on the product distribution of CO2 electrolysis in a pH = 8.5 bicarbonate
solution. Applied catalyst loading: 0.5 mg cm–2. Charge consumption (a and d), as well as product distribution (b and e) data are shown
for as-synthesised SnO2NPs@rGO as well as for catalyst NPs “recovered” after an extremely negative potential excursion. The Pourbaix
diagram [71] of Sn, showing thermodynamic stability regions of various Sn oxidation states, is shown as a reference (c).
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Figure 8: (a) Raman spectra of reduced graphene oxide supported SnO2 NPs recorded while the electrode potential is periodically switched
between –0.25 V and –1.1 V vs. Ag|AgCl. (b) The potential controlling waveform (black line) and different parameters of the peaks related
to SnO and SnO2 (red and blue lines) plotted as a function of time. The respective peaks are marked by a coloured shading in (a). Applied
catalyst loading: 0.02 mg cm–2.
This allows us to conclude that in order to achieve sta-
ble catalytic behaviour, the catalyst should never be ex-
posed to strongly reducing conditions and that the po-
tential E ≈ −1.1 V vs. Ag|AgCl represents a “safe and
optimal” setting.
4. Discussion
In this paper we used two operando methods, Ra-
man spectroscopy and XAS, in order to investigate the
potential-induced degradation (oxidation state and size
changes) of SnO2NPs@rGO. Both methods provide ample
evidence for a potential-induced reduction of the catalyst
particles, and they both show that under harsh cathodic
conditions, the tin oxide NPs can undergo reduction to
metallic tin. Although the application of such negative
potentials should increase the rate of CO2 electroreduc-
tion, in case of SnO2NPs@rGO it leads to a severe and
practically irrecoverable destruction of the catalyst and to
the loss of selectivity towards the formation of formate,
the desired product of CO2 electrolysis.
We also demonstrated important practical differences
between the two applied methods, operando XAS and Ra-
man spectroscopy. While operando Raman spectroscopy
clearly indicated a gradual potential-induced reduction of
SnO2NPs@rGO, involving the formation of first SnII (at
mild negatvie potentials), then Sn0 species (under harsh
reductive conditions), XAS results showed no clear evi-
dence of SnII formation. Also, according to XAS, the
catalyst NPs are only partially reduced to metallic Sn
(the maximal extent of reduction, according to Table 1,
is only 60%), even at the extremely cathodic electrode
potential of −1.7 V vs. Ag|AgCl. Note that the latter
finding also contradicts thermodynamic expectations, ac-
cording to which the presence of any tin oxides at such
very negative potentials is highly unlikely [71].
The apparent contradiction outlined above can be ex-
plained if we consider the different modi operandi of
the Raman and XAS techniques (Figure 9). Raman
is a scattering spectroscopy, more sensitive to the cata-
lyst/electrolyte solution interface. It requires the applica-
tion of thin catalyst layers where no intense gas formation
prevents the focusing of the laser beam. On the other
hand, XAS on powder samples works better in fluores-
cence mode and thus for the application of XAS, thicker
catalyst layers must be used. In turn, the information ob-
tained from XAS does not only reflect the reaction-induced
changes in the catalyst surface; the XAS signal contains
contributions of the deeper regions.
Most importantly, the loading — i.e., the mass of
SnO2NPs@rGO used to cover a given surface area of the
support — that is needed for XAS measurements to be
carried out at a good signal-to-noise ratio is much higher
(∼ 5 mg cm–2) compared to that used for the Raman ex-
periments (∼ 0.02 mg cm–2). It thus seems likely that
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Figure 9: XAS, a fluorescence mode, and Raman, a scattering spectroscopy, applied operando for studying the oxidation state of SnO2 NPs as
they are used as CO2 electroreduction catalysts. Note the difference in the geometries and the mass loading applied for the two spectroscopic
methods (∼ 5 mg cm–2 for XAS and ∼ 0.02 mg cm–2 for Raman).
under the operating conditions of XAS, some of the cata-
lyst particles may be detached — as a result of massive H2
evolution — from the working electrode surface and that
these particles may not become fully reduced, even when
large negative electrode potentials are applied.
It is also safe to assume that this detachment, and the
resulting non-uniform distribution of the oxidation state
of the catalyst NPs result in the non-linear growth of the
catalytic rate upon the applied loading, as shown in Fig-
ure 10(a). The application of high catalyst loadings also
disfavours the formation of HCOO–, as it is shown in Fig-
ure 10(b). This is most likely due to transport limitations:
the blockage of some active catalyst sites by H2 formation
may restrict the access of CO2 to these sites, causing the
shift of the product distribution observed in Figure 10(b).
5. Conclusion
To establish relations between the chemical structure,
the activity and the selectivity of catalysts is a key step
of any knowledge-driven chemical process optimization for
high efficiency and maximal product yield. We believe
that this approach should also be followed in innovative
explorations that strive to improve catalysts for the elec-
troreduction of CO2.
It is a common practice in the research of electrocatal-
ysis to correlate the catalytic activity and selectivity of
a catalyst with its physico-chemical structure based on
the results of ex situ spectroscopic characterization meth-
ods. Although this approach may sometimes be expedient
— and ex situ characterization techniques are always in-
evitable parts of a thorough study —, we must point out
that it is, to some extent, always based on speculation.
That is, for our conclusions to hold we must always as-
sume that a certain change in the catalyst’s structure was
indeed caused by the catalysed process, and not by the ex
situ nature of the analysis method itself.
In order to leave less space for speculation, the use of
operando spectroscopic methods for monitoring the struc-
tural changes of catalysts under real-life circumstances
is always recommended; yet there can also exist impor-
tant differences between different operando approaches
that limit their applicability. The main message of this
paper is to demonstrate the validity of this statement
in the relation of two operando spectroscopies, Raman
and XAS, used here for monitoring the chemical state of
SnO2NPs@rGO catalysts as they are being used for the
electrolysis of CO2.
It is an advantage of both methods that they can effi-
ciently detect the formation of metallic Sn when the cata-
lyst is exposed to extreme reducing conditions; this would
be rather cumbersome by using ex situ approaches. The
circumstances under which the two operando methods can
be applied are, however, rather different.
In order to use XAS (a fluorescence mode spectroscopy),
the catalyst must be applied at a high enough loading.
This is a feature that makes XAS a rather robust tech-
nique: by means of XAS, loadings close to those applied
in practical electrolysing cells can be studied. In turn, a
large portion of the information yielded by XAS will corre-
spond to the deeper layers of the studied catalyst and not
to the actual catalyst layer / electrolyte solution interface,
and thus XAS can provide only limited insight into the de-
tails of the potential-induced reduction of SnO2NPs@rGO,
occurring at the catalyst / solution boundary.
Operando Raman spectroscopy, on the other hand, is a
scattering spectroscopy that can be used for the probing of
catalyst particles that are in direct contact with the elec-
trolyte solution. It can even detect the formation of an
SnII state in the course of the potential-induced reduction
of the SnO2NPs@rGO catalyst, which remains unseen for
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Figure 10: Charge consumption (a) and product distribu-
tion (b) measured on as-synthesised SnO2NPs@rGO, at E =–
1.25 V vs. Ag|AgCl in 1 hour electrolyses, at varied nominal cat-
alyst loading (mass of the applied SnO2NPs@rGO divided by the
geometric surface area of the support).
XAS. In the paper we showed that this SnII state is formed
exactly at those potentials that correspond to the maxi-
mum FE of formate production.
That operando Raman spectroscopy is more sensitive
to the electrolyte solution/catalyst interface than XAS
makes Raman spectroscopy a valuable tool for investi-
gating the recovery of catalyst NPs. We showed that
SnO2NPs@rGO that had previously undergone complete
reduction to metallic Sn can only be recovered at a
smaller size in the SnIV state (compared to the size of
as-synthesised NPs) and that the high HCOO– producing
selectivity of these NPs is irreversibly lost. By the use
of Raman spectroscopy, however, we could define an op-
timum electrode potential (E ≈ −1.1 V vs. Ag|AgCl for
SnO2NPs@rGO in a pH = 8.5 bicarbonate solution) where
a stable catalytic behaviour can still be maintained.
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